The Korea Atomic Energy Research Institute (KAERI) has developed engineering-scale ingot casting equipment with a capacity of 50 kg-U/batch. This ingot casting equipment has a vibrating continuous feeder and 8 mold crucibles on a turn-table, which improves in operability such as continuous tilting. In addition, an induction heating system with a non-water cooling coil was developed to prevent a reaction with uranium by a leak of water in the hot-cell. The performance of the non-water cooling coil was tested with a cupper. When the cupper was melted at 1050 o C in the furnace, the melting chamber was successfully maintained below 250 o C.
Introduction
The electro-refining process is one of the most important processes of a pyro-process for the recovery of useful elements from spent fuel. The Korea Atomic Energy Research Institute (KAERI) has developed a highthroughput electrorefining system for the recovery and recycling of U and TRU from spent nuclear fuel. During the electrorefining, uranium dendrite is deposited in several millimeters on the graphite cathode electrode from spent fuel dissolved in a molten LiCl-KCl eutectic salt by electrolysis. KAERI has split the cathode process into two separate processes, i.e., salt distillation and ingot casting. The uranium deposits contained about 30 wt% of salt including a little amount of UCl 3 , and the salt recovered by the distillation process. After the salt distillation, uranium with a dendrite shape in about 100 µm is obtained. Since the fine uranium possessed considerably high activity with oxygen, it is necessary to cast the uranium dendrites into an ingot. An ingot fabrication has advantages in the handling and storage of the recovered uranium.
The Idaho National Laboratory (INL) has developed a cathode processor to cast uranium deposits into ingots [1, 2] . They charged the uranium deposits into a crucible and heated to 900-950 at 10 Torr to distillate the contained salts. After distillation, the deposits were simultaneously melted at 1300 followed by cooling at atmospheric temperature to cast an ingot. However, this process is a batch type, resulting in low efficiency for ingot casing (approximately 20 kg-U/day).
We developed engineering-scale ingot casting equipment with a capacity of 50 kg-U/batch [3, 4] . This ingot casting equipment has a vibrating continuous feeder, 8 mold crucibles on a turn-table, and a tilting system of molten metal. We consider that these systems possibly improve the efficiency and productivity of uranium ingot casting. In addition, we strengthened the safety of the ingot casting equipment by means of an induction heating system with a non-water cooling coil. The purpose of this study is to examine the efficiency and safety of the engineering-scale ingot casting equipment in detail. The feasibility of the ingot casting equipment was evaluated.
Experimental
An ingot casting equipment was developed at the engineering-scale. The details of the ingot casting equipment could be found in the literature [5] . The performance of the ingot casting equipment was evaluated by a melting test of copper instead of uranium, because the metallic properties of copper are similar with those of uranium. Graphite was used for melting crucibles and molds in the melting test of copper, and the crucible and molds were coated with Y 2 O 3 in the melting test of uranium [6] . The copper was melted at nearly 1100 using an induction heating furnace. The molten metal was filled into a mold crucible by a tilting of the melting crucible, and then cooled at atmospheric temperature. The temperature of the melting crucible, chamber, and heating coils were recorded by the thermocouple during the melting test. 
Results and discussion

Equipment Improvement
A vibrating continuous feeder
A vibrating material feeder for a continuous supplement system of the uranium deposits was installed to improve the efficiency of ingot casting. The feeder consisted of a cylindrical supplier and a channel connected to the melting crucible. Figure 1 shows a drawing and photographs of the feeder and connected channel. The cylindrical supplier was vibrating and rotating to transfer the deposits from the bottom of the container to the connected channel. The channel conveyed the deposits transferred from the cylindrical supplier to the melting crucible at a desired feeding rate. This continuous feeding system of the deposits has an advantage over the batch type equipment in INL, i.e., the engineering-scale ingot casting equipment in KAERI is possible to cast continuously by adopting the supplement system. Resultantly, it is possible to improve the capacity of the equipment to 50 kg-U/batch, which is larger than the batch-type equipment.
Crucible tilting system and mold crucibles on turn-table
We have developed a continuous melting process with a tilting system of a melting crucible into molds installed on a turn-table. The deposits were charged continuously by the vibrating feeder into a melting crucible as mentioned above, and they were melted at 1100
with an induction melting furnace. The liquid metal was filled into a mold crucible by tilting the melting crucible, as shown in figure 2(a) . After filling, the mold crucible filled with molten metal was replaced by an empty mold crucible by rotating the turn-table (see figure 2(b) ). The turn-table has an installed 8-mold crucible and was rotated repetitively to fill a molten metal into all molds. Since it is difficult to melt the dendrite deposits directly by the induction melting furnace, we introduced an additional charge of the deposits into molten metal [7] , i.e., molten metal was remained in a melting crucible after the filling process to facilitate the melting of the additionally charged deposits. 1 mold crucible contains about 7 kg of uranium, and thus the engineering-scale ingot casting equipment in KAERI can cast above 50 kg uranium ingots in a batch. This high capacity suggests the high efficiency and productivity of uranium ingot casting compared to the conventional batch type equipment (20kg-U/day). 
Induction heating system with non-water cooling coil
We have developed, for the first time, an induction heating system with a non-water cooling coil in this ingot casting equipment. The induction heating system has generally used a water cooling coil to maintain the temperature of the heating system. However, in the case of uranium melting, the uranium possessed high activity for a reaction with oxygen and water. A leakage of the water could provoke a severe explosion in a hot-cell. Therefore, it is necessary to use a non-water cooling system in an induction heating system for uranium melting. Figure 3 shows a drawing of a non-water cooling system. The non-water cooling coil was made of a quadrangular Cu pipe (6mm 40mm). The pipe was wound around the melting crucibles (310mm OD 500mm height). Ar gas was flown through the Cu pipe to cool the heating system. 
Performance
Efficiency and productivity
A continuous feeding system, a tilting system into the mold on a turn-table, was introduced to improve the efficiency and productivity of our ingot casting equipment. We evaluated the performance of our equipment by casting a Cu ingot. Figure 4 shows the sequence of the ingot casting. Cu chips were charged into the melting crucible with a continuous feeding system, as mentioned above. The Cu chips were melted by an induction heating furnace (Figure 4a ). The turn-table was rotated to locate an empty mold crucible beside the melting crucible (Figure 4b ). The molten metal was filled into a mold crucible by tilting the melting crucible (Figure 4c ). The melting crucible went back to the original position (Figure 4d ). These procedures were repeated to charge 8 molds installed on the turn-table. One mold crucible contained 3.3 kg of Cu (about 7 kg of U), and thus 26.5 kg Cu (about 50 kg of U) ingots could be obtained. These results reveal that the engineering-scale ingot casting equipment has a higher efficiency and productivity compared to a batch type ingot casting equipment. 
Safety assurances
A non-water cooling coil was adopted on the induction melting furnace to improve the safety of the ingot casting equipment. We have examined the temperature changes in the heating system during the Cu melting test. Figure 5 shows the temperature of the heating coil during the test. The temperature of the melting crucible was inserted for a comparison with those of the heating system. The temperature of the melting crucible gradually increased with time, and reached 1050 after 135 min. However, the temperature of the chamber was stably kept below 250 during the entire melting test. The maximum temperature was 540 at the middle of the coil when the temperature of the crucible was 1050 . We consider that the non-water cooling system is highly applicable for the induction heating system, maintaining successfully the temperature of the heating system at below 600 . The results clearly show that the non-water cooling system ensures the safety of the ingot casting equipment. 
Conclusions
We have developed engineering-scale ingot casting equipment that adopted a vibrating continuous feeder, 8-mold crucibles on a turn-table and a tilting system of molten metal to improve the efficiency and productivity for ingot casting. Ingots were continuously produced with these systems at a capacity of 50 kg-U for each batch. This capacity of the ingot casting equipment is higher than that of the batch-type ingot casting equipment in INL. An induction heating system with a non-water cooling coil was developed in our ingot casting equipment to strengthen the safety of the equipment. The performance was confirmed with a melting test of Cu, showing that the non-water cooling coil successfully maintained the temperature of the heating system below at 600 . These results show the high applicability of the engineering-scale ingot casting equipment on uranium ingot fabrication with high efficiency and productivity.
